Cervical cancer ranks among the top three cancer diagnoses in women worldwide. In the United States, the SEER Cancer Statistics Review identified cervical cancer as the third leading cause (following childhood cancers and testicular cancer) of average years of life lost per person dying of cancer for all races and both genders. Approximately one-third of cervical cancer patients develop disease recurrence and the majority of these recurrences occur within the first 2 years after completion of therapy. Predictors of disease recurrence include stage and lymph node status at the time of initial diagnosis. The initial diagnosis and staging of cervical cancer has traditionally been achieved by history and physical examination and by use of selected imaging studies. Accurate staging is important both for selecting appropriate therapy and for prognosis. Computed tomography (CT) has been the most widely used imaging method for assessment of nodal involvement and detection of distant metastatic disease. Positron emission tomography (PET) has become an established imaging tool for cervical cancer. The functional information about regional glucose metabolism provided by fluorodeoxyglucose (FDG)-PET provides for greater sensitivity and specificity in most cancer imaging applications by comparison with CT and other anatomic imaging methods. PET is superior to conventional imaging modalities for evaluating patients with cervical cancer.
Introduction
Cervical cancer ranks among the top three cancer diagnoses in women worldwide [1] . In the United States, the SEER Cancer Statistics Review identified cervical cancer as the third leading cause (following childhood cancers and testicular cancer) of average years of life lost per person dying of cancer for all races and both genders [2] . Recent strategies to reduce the incidence of cervical cancer have focused on the development of a human papilloma virus (HPV) vaccine. While HPV vaccine has the potential to significantly reduce de novo HPV infection in women less than 26 years of age, a significant population of women (older than 26 years and unvaccinated) is currently at risk for future development of cervical cancer. Even assuming 100% compliance with vaccination, a recent study estimated that the impact of HPV vaccination would not be appreciated clinically until after 2040 [3] . In the coming years, clinicians will continue to face the challenges associated with the treatment and follow-up of patients with cervical cancer.
Approximately one-third of cervical cancer patients develop disease recurrence and the majority of these recurrences occur within the first 2 years after completion of therapy. Predictors of disease recurrence include stage and lymph node status at the time of initial diagnosis.
examination and by use of selected imaging studies. Accurate staging is important both for selecting appropriate therapy and for prognosis. Cervical cancer initially spreads regionally and then through lymphatic channels before hematogenous dissemination to distant organs. With locally advanced disease, the status of pelvic and para-aortic lymph nodes is an important determinant of prognosis and guides treatment planning decisions. Computed tomography (CT) has been the most widely used imaging method for assessment of nodal involvement and detection of distant metastatic disease. Despite its high resolution and excellent depiction of anatomy, CT is limited by its inability to detect smallvolume metastatic involvement in normal-size lymph nodes and to determine whether enlarged nodes represent metastasis or reactive hyperplasia. PET has become an established imaging tool for cervical cancer (Fig. 1) .
The functional information about regional glucose metabolism provided by fluorodeoxyglucose (FDG)-positron emission tomography (PET) provides for greater sensitivity and specificity in most cancer imaging applications by comparison with CT and other anatomic imaging methods. PET is superior to conventional imaging modalities for evaluating patients with cervical cancer. The development and rapid dissemination of integrated PET/CT scanners that allow functional and anatomical information to be obtained in a single examination represents an important advance in PET imaging technology, resulting in a synergistic improvement in the accuracy of interpretation of both PET and CT images.
A number of studies have shown that FDG-PET is superior to conventional imaging methods for detecting metastatic disease, particularly lymph node metastasis [4, 5] . Havrilesky and associates [6] recently reported Figure 1 Large primary cervical cancer at diagnosis.
a systematic review of the published literature up through 2003. They included only those studies involving 12 or more subjects who had PET performed with a dedicated scanner with specified resolution, and with clinical followup 6 months or histopathology as the reference standards. In patients with newly diagnosed cervical cancer, the pooled sensitivity of PET was 79% (95% CI 6590%), and the pooled specificity was 99% (9699%) for detection of pelvic lymph nodes metastasis [5, 79] . Two studies were identified that each compared PET to magnetic resonance imaging (MRI) and CT [4, 5] . MRI had a pooled sensitivity of 72% (5387%) and pooled specificity of 96% (9298%), whereas CT had a pooled sensitivity of 47% (2173%) (there were insufficient data to calculate a pooled specificity). In four prospective studies in which histology after para-aortic lymphadenectomy was used as the reference standard, the pooled sensitivity of PET for the detection of para-aortic nodal metastasis was 84% (95% CI 6894%) and the pooled specificity was 95% (8998%) [5, 7, 8, 10] . In three of these studies, the inclusion criteria for study entry included a negative CT or MRI of the abdomen [7, 9, 10] . Thus, the accuracy of conventional imaging could not be calculated. Reinhardt and colleagues [5] did not require a negative abdominal imaging study prior to surgery. The sensitivity and specificity of MRI in the 12 patients who underwent aortic node sampling were 67% and 100%, respectively.
Our own studies have shown that FDG-PET is superior to CT and lymphangiography in showing unsuspected sites of metastasis in pelvic lymph nodes, extrapelvic lymph nodes, and visceral organs in patients with newly diagnosed advanced cervical cancer [11] . FDG-PET showed abnormalities consistent with metastasis more often than did CT in pelvic lymph nodes (67% vs. 20%) and in para-aortic lymph nodes (21% vs. 7%). PET also showed disease in supraclavicular lymph nodes in 8% [12] . These initial results have been sustained in subsequent evaluations of data from our prospective registry that now includes over 600 patients [13] . Based on the results in the literature to date, the United States Center for Medicare and Medicaid Services in January 2005 approved coverage for use of FDG-PET in initial staging of patients with cervical cancer who have no evidence of extrapelvic metastatic disease on CT or MRI [14] .
Prognostic factors
Several prognostic factors have been identified for patients with carcinoma of the cervix. These include patient age, tumor histology, tumor stage, tumor size, lymph node metastasis, and tumor hypoxia [15, 16] . In a study of 101 patients with newly diagnosed cervical cancer, Grigsby and colleagues [12] demonstrated that the lymph node status determined by FDG-PET is the most significant independent pre-treatment predictor of progression-free and overall survival in patients with cervical cancer. The 2-year, disease-free survival was better predicted by PET evidence of lymph node involvement than by CT findings. Based on the imaging findings in the pelvic lymph nodes, the 2-year, disease-free survival was 84% for CT/PET patients, 64% for CT/ PET þ patients, and 48% for CT þ /PET þ patients (p ¼ 0.05). Based on the imaging findings in the paraaortic nodes, the 2-year, disease-free survival was 78% in CT/PET patients, 31% for CT/PETþ patients, and 14% for CT þ /PET þ patients (p 0.0001). No patients with PETþ supraclavicular lymph nodes survived 2 years. The PET-determined status of the para-aortic nodes was the strongest predictor of survival in a multivariate logistic regression analysis. These results suggest an opportunity to cure patients with para-aortic nodal metastasis defined by PET that were not detected by CT. In a recent review of data from 256 patients in our registry, we also found that the extent of lymph node involvement is inversely correlated with survival [17] . We have also found that FDG-PET demonstrated metastatic involvement in the left supraclavicular lymph nodes in 8% of our patient population [18] . This finding had a positive predictive value of 100% and indicates a dismal prognosis, despite aggressive therapy. Similarly, we found that the cause-specific survival for patients with FIGO stage IIIb carcinoma is highly dependent upon the extent of lymph node metastasis demonstrated by whole-body FDG-PET at initial presentation [19] . The three-year estimates of cause-specific survival were 73% for those with no lymph node metastasis, 58% for those with only pelvic lymph node metastasis, 29% for those with pelvic and para-aortic lymph node metastasis, and 0% for those with pelvic, para-aortic, and supraclavicular lymph node metastasis (p ¼ 0.0005). Extent of regional lymph node metastases was also found by Unger and colleagues to be a significant prognostic factor [20] . Miller and Grigsby [21] evaluated the usefulness of tumor volume measurement with FDG-PET in 57 patients with cervical cancer. Tumor volume and lymph node status determined by PET and FIGO stage determined by clinical examination were predictive of progression-free survival; tumor volume and lymph node involvement by PET predicted overall survival [21] . The avidity of FDG uptake in the primary cervical tumor is a predictor of survival outcome. Patient tumors that have a high maximum standardized uptake value (SUV max ) have a worse survival outcome than those with a low SUV max [22] . Approximately 30% of cervical cancer patients with advanced stage disease will ultimately fail after definitive treatment [23] . Clinical and radiological techniques have been used for early detection of recurrent disease. FDG-PET has been shown to have a role in the post-treatment monitoring of patients with cervical cancer. In a large retrospective study by Ryu and associates [24] , 249 women with previously treated cervical cancer without overt evidence of recurrence underwent FDG-PET as part of their routine follow-up. Eighty patients (32%) were found to have abnormal FDG uptake; 28 (11%) had clinically or histologically confirmed recurrent disease. The sensitivity and specificity of FDG-PET for detection of recurrent disease were 90% and 76%, respectively. The positive and negative predictive values were 35% and 98%, respectively. There was a high falsepositive rate associated with FDG uptake in the pulmonary hila, lungs, neck, inguinal, and axillary regions. The majority of the recurrences were detected within 618 months after diagnosis. In another series by Unger and associates [25] , FDG-PET detected recurrences in 31% of asymptomatic patients and recurrences in 67% of symptomatic patients. In symptomatic patients, the sensitivity of FDG-PET was 100%, the specificity was 86%, and the positive and negative predictive values were 93% and 100%, respectively. By comparison, in asymptomatic patients, the sensitivity of FDG-PET was 80%, the specificity was 100%, and the positive and negative predictive values were 100% and 100%, respectively. In a study by Grigsby and associates [26] , 152 patients previously treated with radiotherapy with or without concurrent chemotherapy who were free of FDG-avid sites on PET obtained an average of 3 months post-therapy, had 5-year cause-specific and overall survival of 80% and 92%, respectively. Persistent abnormal uptake in the cervix or lymph nodes was found in 20 patients, and their cause-specific survival was 32%. New areas of increased FDG uptake in previously unirradiated regions were found in 18 patients, none of whom was alive at 5 years. Post-treatment PET abnormalities were found to be the most significant predictor of death from cervical cancer in this study. Together these results point to a significant impact of FDG-PET findings on treatment strategy after primary therapy.
Glucose metabolism
The basis of FDG-PET imaging of tumors is increased glucose metabolism of tumor tissue compared to normal tissue. Historically, patient-and tumor-related factors such as age, histology, tumor volume and stage have been critical attributes for predicting patient outcome and overall survival for cervical cancer. Studies for lung and head and neck cancers have suggested that a higher SUV correlates with worse prognosis [2730] . Other studies have also shown that patients with a primary tumor SUV greater than the median tended to have poorer local control and disease-free survival. We have evaluated SUV in patients with cervical cancer and found that primary tumor SUV max at diagnosis is correlated with the presence of lymph node involvement at diagnosis, how well the primary tumor responds to treatment, the likelihood of disease recurrence, and overall survival. We analyzed data from 287 patients with cervical cancer who underwent FDG-PET and found that the mean SUV max was 11.4 (range 1.050.4) [31] . This is much higher than the mean value reported for other epithelial tumors. There was no relationship between tumor volume and SUV max (correlation coefficient R 2 ¼ 0.01). Three prognostic groups were established using SUV max . The cause-specific survivals at 5 years were 95% for SUV max 5.2, 70% for SUV max 45.2 and 13.3, and 44% for SUV max 413.3 (p50.0001). Increasing SUV max was associated with persistent abnormal FDG uptake in the cervix on the 3-month FDG-PET in 238 patients treated with curative chemoradiation (p ¼ 0.04). SUV max of the cervical tumor at diagnosis is a sensitive biomarker of treatment response and prognosis (Fig. 2) .
In our study, we showed that primary tumor SUV max at diagnosis is predictive of lymph node involvement. For lung cancer, others have also found an association between primary tumor SUV and presence of lymph node involvement [28] . Primary tumor SUV max predicting lymph node involvement in cervical cancer is significant because our group has previously shown that lymph node status is significantly related to disease-free and overall survivals. This suggests that SUV max might correlate with disease aggression.
We also found that high primary tumor SUV max at diagnosis was predictive of subsequent biopsy-proven local recurrence and correlates with increased risk of persistent cervical disease, in particular as shown by persistent disease on the 3-month post-treatment PET scan. Previous groups have found that lack of cervical tumor regression is associated with an inferior outcome. Achieving local control is critical to prognosis and overall survival.
As our data show that SUV of the primary tumor is an important predictor of prognosis, treatment response, and overall survival, this leads to the question of how glucose metabolism varies among cervical tumors and how that correlates with SUV and patient outcome. In an attempt to understand the biologic mechanism causing increased FDG uptake in tumors, others have looked at glucose transporter gene expression and had Figure 2 Cause-specific survival based on pre-treatment cervix tumor SUV max [31] .
mixed results. For example, with breast cancer, one group found a correlation between Glut-1 expression and FDG uptake; another study did not find an association [32] . With regard to cervical cancer, Mendez et al. [33] found a correlation between Glut-1 expression and tumor grade, but Airley et al. [34] did not find an association between Glut-1 expression and disease-free or recurrence-free survival. Yen et al. [35] found a correlation between Glut-1 expression and SUV in cervical cancer, but Tian et al. [36] did not find a relationship between FDG SUV and Glut-1 or Glut-3 expression for oral squamous cell carcinoma. As more groups investigate this topic, more types of glucose transporters are being discovered and different methods of measuring expression are also being used, suggesting that this is a complex issue that might involve multiple factors. Additional research is needed to investigate the biologic mechanism leading to varying degrees of increased glucose uptake in tumors.
In summary, our research has clearly demonstrated the prognostic significance of maximum FDG uptake in patients with cervical cancer. However, can this information be utilized to guide individual clinical decision making? Our unpublished preliminary data suggest that patients with a high SUV max have an excellent clinical outcome if they are treated with either surgery or radiation alone. If these patients receive concurrent chemoradiation (weekly cisplatin) then their survival is much worse than their survival when treated with either single modality therapy alone. These intriguing findings, if validated, may provide a guide to individualizing therapy for these patients.
Tumor heterogeneity
It is understood that, on a microscopic level, tumors are heterogeneous.
[3739] Evaluation of tumor microenvironments has demonstrated heterogeneity relating to variation in tumor responsiveness to treatment, [40, 41] degree of vascularity, [4244] hypoxia, [37, 43, 45] proliferation rates, [43] energy metabolites, and gene expression. [44, 4650] Although tumor heterogeneity has been shown within these tumor microenvironments, intra-tumoral heterogeneity across the entire volume of primary tumors in humans has not been quantified or analyzed for its association with outcome measures. FDG-PET imaging presents the opportunity to do so. Cervical cancer, in particular, is a tumor that has been suggested to have heterogeneity relating to hypoxia, variation in response to treatment, risk of metastatic spread, and gene expression. Additionally, the response of primary cervical cancer to treatment has been shown to be a much more complex issue than simply relating outcome to clinical stage, tumor volume, or tumor hypoxia. Specifically, our previous research has shown that primary cervix tumor maximal standardized uptake value (SUV max ) on FDG-PET is predictive of disease prognosis and outcome irrespective of tumor stage or tumor volume [31, 51] . We have observed that this primary cervix tumor glucose metabolism from the FDG-PET image can vary greatly across the volume of individual cervical tumors [52] . The variation in tumor microenvironment with small changes in local heterogeneity has been demonstrated. Others have demonstrated heterogeneity of FDG uptake for tumors [43, 46, 53] . However, in terms of evaluating the clinical significance of intra-tumoral heterogeneity and outcome measures, only a limited amount of small studies have been published. Our preliminary data suggests that cervix tumors with high levels of heterogeneity have a worse clinical outcome than do tumors that are less heterogeneous [54] . [ 18 F]misonidazole (MISO) PET is an agent utilized to discriminate areas of hypoxia within tumors. For head and neck and non-small cell lung cancer, some preliminary data suggests radiation treatment outcome can be associated with kinetic behavior of [ 18 F]MISO PET [30] . OSullivan et al. noticed that FDG heterogeneity of sarcoma tumors was associated with time to patient death [53, 55] , but no one has investigated the prognostic significance of cervical intra-tumor heterogeneity on FDG-PET.
Supporting this argument that tumor heterogeneity is related to hypoxia, Walenta and colleagues have shown that cervical cancers with higher lactate concentrations are more likely to have metastatic spread [56] , just as our study showed that tumors with greater heterogeneity were more likely to have metastatic spread to lymph nodes. Animal modeling studies by Walenta and associates have demonstrated the presence of oxygen gradients in R3230AC tumors grown in window chambers [57] . They found that lactate content, hypoxic fraction, ATP, glucose, redox potential, and vessel density vary across the tumor in their model. This suggests the variation in tumor microenvironment and possible causes of the intratumoral heterogeneity. For head and neck cancers, it has also been shown that high lactate levels correlated with worse survival and increased risk of metastasis [58] . It has also been demonstrated that tissue lactate content in head and neck squamous cell carcinoma correlates with radiosensitivity [59] just as tumors with greater differential metabolic heterogeneity in our study were more likely to have an incomplete metabolic response on the 3-month post-treatment PET. For head and neck cancers, high lactate levels correlated with worse survival and increased risk of metastasis [58] . At the same time, some studies have shown a lack of correlation between FDG uptake and hypoxia, as evidenced on FMISO scans [60, 61] . Therefore, more investigation is needed to determine the biologic basis for cervical tumor differential heterogeneity as evidenced on FDG-PET.
Gerlee and Anderson have explored an evolutionary hybrid cellular automation model of solid tumor growth. The results of their modeling study show that with a low tissue oxygen concentration and a switch to anaerobic glycolysis (high glucose utilization) that tumors develop with a more aggressive phenotype with a low apoptotic potential compared to tumors with high oxygen concentrations, aerobic glycolysis and containing less aggressive phenotypes. Perhaps it can be argued that large tumors develop because of the dynamics of clonal evolution of cells in response to their microenvironmental supply of the nutrients oxygen and glucose [62] . Bentzen and Thames have reviewed the data regarding the general notion that there is a relationship between increasing tumor volume and a decreasing probability of tumor control. They conclude from their review of published clinical data that, because of heterogeneity in patient and tumor characteristics, the volume effect is less pronounced than would be expected from a simple proportionality between number of clonogens and volume. Their hypothesis is supported by our previously published data and data from other institutions for patients with cervical cancer. We have demonstrated a radiation doseresponse relationship for patients with cervical cancer by tumor stage (tumor volume) [63] . However, this doseresponse relationship plateaus at about 85 Gy irrespective of tumor volume implying that the radiation doseresponse curve is not uniquely affected by the number of tumor cells but also by mechanisms that are as yet unexplained. It appears intra-tumoral heterogeneity provides additional information beyond volume that helps clarify tumor behavior.
Metabolic imaging response to therapy
The concept of utilizing FDG-PET to assess tumor response to therapy is based on in vitro studies that associate decreases in tumor cell glucose uptake with decreases in the fraction of viable tumor cells [64] . Clinically, the association between decreased tumor glucose uptake and treatment response has been documented in several small series for tumors of the breast, head and neck, gastrointestinal tract, and lymphoma [6571] . There are two settings in which FDG-PET can be used to evaluate treatment response. FDG-PET can be utilized after the completion of therapy to evaluate the tumor response to a given treatment regimen utilizing the endpoint of complete versus incomplete metabolic response. In this setting, a complete metabolic response implies that no further therapy is indicated and an incomplete metabolic response implies that further therapy is warranted. The other setting is to utilize FDG-PET after a partial course of therapy to evaluate the effectiveness of that therapy and to change therapy if the tumor is unresponsive to the initial treatment. In the majority of these studies, FDG-PET was performed after 12 cycles of chemotherapy rather than after completion of the entire course of planned therapy. Most of these studies have linked initial response to chemotherapy, as measured by FDG-PET, to clinical outcome. However, few studies have specifically addressed the impact of FDG-PET response on patient management in the post-therapy setting [72] . In the post-treatment setting, FDG-PET has been used to identify response to a complete course of therapy (chemotherapy or chemoradiotherapy) for lymphoma [7376] . The goal for this is to identify patients for appropriate immediate salvage therapy (e.g., more intensive chemotherapy or stem cell transplant). Notably, the International Working Group response criteria in lymphoma have recently been modified to include routine use of post-therapy FDG-PET for assessing response in patients with these tumors [77] . In these guidelines, visual assessment alone of the FDG-PET images was sufficient to determine therapeutic response [78] . FDG-PET has been used in a more limited fashion to assess response to a complete course of therapy for malignant disease in other sites, including lung and head and neck cancer [7983] . The hesitation to use FDG-PET to evaluate treatment response is based on the assumption that local inflammation due to radiation may result in false-positive PET scans. On the contrary, recent evidence has shown that post-radiation normal tissue FDG uptake does not interfere with the prognostic information provided by the FDG response in the tumor itself. In fact, normal tissue FDG uptake has been positively correlated with tumor metabolic response and superior survival outcomes after radiation therapy for lung cancer [84] . The rationale for using post-therapy FDG-PET in cervical cancer is twofold. First, the post-therapy FDG-PET provides information that may affect the approach to salvage therapy. Historically, reported outcomes from salvage therapy for cervical carcinoma were poor [85] . Locally recurrent cervical cancer was most often detected as the presence of gross tumor on pelvic examination. Total pelvic exenteration, while potentially curative, was associated with significant patient morbidity and limited long-term survival (16% in one study) [85] . For patients with distant failures, the results were even more dismal. These patients were often undiagnosed until they developed symptoms related to disease recurrence. Not surprisingly, this resulted in poor rates of success for salvage therapy. In 1994, Grigsby and colleagues reported no survivors at 2 years for patients with isolated recurrences in the para-aortic lymph node chain [86] . The current treatment strategy for locally advanced cervical cancer (definitive radiation with concurrently administered cisplatin chemotherapy) achieves local control in approximately 75% of patients [87] . However, as is the case with malignant diseases in other sites, some tumors do not respond completely to standard therapy. Clinicians are then faced with the challenge of early identification of non-responders to decrease treatment failures and avoid the toxicity of futile treatment.
Our initial use of FDG-PET for patients with cervical cancer was focused on the use of the initial diagnostic FDG-PET image to identify sites of disease and to evaluate prognostic factors for treatment outcome. We then began performing post-therapy FDG-PET on our patients with cervical cancer at 3 months after the completion of their therapy. Initially we found on our diagnostic studies that lymph node stage (region of lymph node involvement identified by FDG-PET at the time of diagnosis) was more predictive of outcome than traditional prognostic factors such as FIGO stage, patient age, or tumor histology [12] . In our studies of 3-month posttherapy FDG-PET imaging we have found that progressive metastatic disease and an incomplete metabolic response by post-therapy FDG-PET are more predictive of clinical outcome than the pretreatment tumor characteristics including clinical stage and pretreatment lymph node status and the treatment-related variables, overall radiation treatment time and number of cycles of chemotherapy. We have also demonstrated that the post-therapy FDG-PET in cervical cancer provides valuable long-term prognostic information only 3 months after the completion of therapy (Fig. 3a) . We have prospectively validated (Fig. 3b) the use of post-therapy FDG-PET as a metabolic biomarker of tumor response in cervical cancer [88] . Complete metabolic response is associated with excellent survival outcome (3-year cause-specific survival 100%).
Partial metabolic response is associated with intermediate survival outcome (3-year cause-specific survival 51%) and decreased progression-free survival (3-year progressionfree survival 35%). New sites of metabolic activity on post-therapy FDG-PET are associated with very poor survival outcome (3-year cause-specific survival 17%).
Summary
Over the last decade, positron emission tomography with the glucose analogue FDG has become an established oncological imaging tool for many forms of cancers. The functional information about regional glucose metabolism provided by FDG-PET provides for greater sensitivity and specificity in most cancer imaging applications by comparison with CT and other anatomic imaging methods. The role of PET in gynecological cancers is evolving, but the current literature suggests that PET is superior to conventional imaging modalities for evaluating patients with cervical and ovarian cancers. The role of PET in other gynecological cancers is less well defined. The recent development and rapid dissemination of integrated PET/CT scanners that allow functional and anatomical information to be obtained in a single examination represents an important advance in PET imaging technology, resulting in a synergistic improvement in the accuracy of interpretation of both PET and CT images.
FDG-PET/CT performed in patients with cervical cancer provides much important information. The diagnostic FDG-PET/CT determines the extent of disease at the time of diagnosis which is used to direct therapy. Prognostic information from the diagnostic FDG-PET/ CT derives from the extent of the disease and from metabolic information such as degree of glucose uptake. The FDG response to therapy permits an accurate prediction of patient survival outcome. Routine screening of patients with FDG-PET/CT will allow for early diagnosis of recurrent disease and guide therapy.
